reach the midline, some axons do not cross, forming longitudinal axon tracts on the ipsilateral (same) side, while other axons cross, forming commissures and then entering longitudinal tracts on the contralateral (other) side.
The dendrogram was produced with medial, longitudinal pathway and never cross the ML. In robo muthe Clustal program, using the putative extracellular domains. tants, contralateral axons like RP1 often recross the midline, and H-Robo2 is a partial sequence extending from the fourth Ig domain ipsilateral axons (MP1 and pCC) now cross. In the comm mutant, into the cytoplasmic domain. H, human; R, rat; D, Drosophila; C, C. commissural axons initially orient toward the midline, but ultimately elegans. fail to cross. (B) The wild-type VNC in C. elegans (ventral view) is bilateral, but two major differences from Drosophila are: first, the right longitudinal fascicle (R) contains ten times more axons than the left (L), and
The ventral nerve cord in C. elegans differs from its second, there are no commissural pathways linking the left and right equivalent in Drosophila and vertebrates, in that its two sides of the VNC, although some axons do cross the midline initially halves are asymmetric (Figure 1 ). However, it does have to reach the correct side of the VNC. In sax-3 mutants, axons that a bilateral organization with longitudinal tracts on either normally remain on the same side as their soma (e.g., PVQ and HSN side of a midline, indicating that, as in flies and verteneurons) are now capable of crossing the midline, or hypodermal ridge (HR), multiple times. Interneuronal axons (INs) that are asymbrates, the midline may play a role as a boundary. In metrically distributed to the right fascicle in wild type are able to sax-3 mutants, longitudinal axons no longer respect this cross to the left in sax-3. In addition, certain axons that must extend midline boundary (Zallen et al., 1998) . Axons that nor- ing a midline boundary seems to be required to maintain that project ventrolaterally, or ipsilaterally projecting association the asymmetry of the two sides.
neurons (AN, green) that extend in a dorsal longitudinal pathway.
The sax-3 mutation has other effects on axon guidance. It is particularly interesting that sax-3 is required MP1, and vMP2) now cross the midline (Figure 1 ; Seeger for certain axons to grow toward the nerve cord, a feaet al., 1993; Tear et al., 1996) . Thus, in normal embryos,
ture not yet noted in Drosophila robo mutants, and sugRobo either prevents attraction toward the midline or gesting it may be required for an attractant signal analopromotes repulsion. Only axons that normally run close gous to UNC-6 (Zallen et al., 1998) . to the midline are "seduced" to cross it in robo mutants, Robo and SAX-3 Define a Family suggesting that the putative midline attractant or repelof Receptor-like Proteins lent acts at short range. More recent analysis of specific
The positional cloning of robo and sax-3 reveals that axons also reveals that in the robo mutant, contralateral they encode closely related homologs ( Figure 2 ; Kidd axons that normally cross the midline only once, can et al., 1998a; Zallen et al., 1998) . They also have closely now cross it multiple times (Kidd et al., 1998a) . Thus, conserved homologs in mammals (Kidd et al., 1998a). Robo acts on both contralateral and ipsilateral axons, enforcing the midline boundary.
Drosophila and mammals each have at least two genes, though this paired arrangement may have arisen indeto be diametrically opposed ( Figure 1A) . comm loss-offunction results in loss of commissures, with contralatpendently in the two lineages ( Figure 2B ). There is no evidence for a second gene in C. elegans, although the eral axons orienting toward the midline but failing to cross (Seeger et al., 1993) . The comm gain-of-function genome is ‫%08ف‬ sequenced. The conserved structural features include an N-terminal signal sequence, five imphenotype is the same as robo loss-of-function (Kidd et al., 1998b) . Moreover, comm/robo double mutants munoglobulin domains and three fibronectin type III repeats ( Figure 2A) . While numerous other cell surface have a phenotype identical to loss of robo alone, suggesting that Comm is needed only if Robo is present proteins have these motifs, the five-plus-three organization is shared by only one other known protein, CDO (Seeger et al., 1993) . These results suggest a close functional relationship between Comm and Robo. (for CAM regulated/down-regulated by oncogenes), recently identified as a cell-surface glycoprotein in a transcomm has been cloned and its sequence suggests the product is a transmembrane protein, though it is a formation resistant cell line (Kang et al., 1997) .
The cytoplasmic domains show low sequence conserpioneer with no known homologs to give a clue to its function (Tear et al., 1996) . Comm is expressed by midvation in species comparisons. However, they do share three short motifs that are potential binding sites for line cells and appears to be internalized by commissural axons that do not express the comm gene themselves, signaling proteins (Figure 2A) . Two are proline-rich motifs, which are potential binding sites for proteins with suggesting that these axons carry a Comm receptor. While many models could explain the function of Comm SH3 domains, or perhaps Drosophila Enabled (Ena) (Kidd et al., 1998a Kidd and colleagues present a strong argument that midline, and Robo expression is low on axons as they cross the midline (Kidd et al., 1998a) . In partial loss-ofRobo is likely to be a receptor for a midline repellent. When Robo expression is driven in a small subset of function comm mutants, Robo is more abundant than usual, notably on the few axons that do cross the midaxons, in an otherwise null embryo, those axons now respect the midline, implying cell autonomous function.
line. In transgenics with overexpression or ectopic expression of Comm, Robo is reduced wherever Comm is The model also receives strong support from the Robo expression pattern. RNA for Drosophila Robo (and rat elevated (Kidd et al., 1998b) . Interestingly, the effect of comm on Robo is highly localized, perhaps mediated Robo1) is expressed in neurons that must make a midline decision. Drosophila Robo protein is highly exby direct cell-cell contact (Kidd et al., 1998b) . Based on their observations, Kidd et al. propose a pressed on the growth cones of axons that do not cross the midline. It is expressed at low levels on contralatermodel for Comm function, where a key determinant of crossing is the level of Robo. High levels of Robo protein ally projecting growth cones that have not crossed, but at high levels on contralateral growth cones that have (on ipsilateral growth cones, and contralateral growth cones after crossing) are not sufficiently down-regulated crossed. Taken together with the phenotype, these results fit elegantly with the idea that Robo could be a by Comm to permit crossing. In contrast, low levels of Robo (on contralaterally projecting growth cones before receptor used by both ipsilateral and contralateral axons to detect a midline repellent. However, other possibilitcrossing) can be sufficiently down-regulated by Comm at the midline to permit crossing. This model is not ies formally remain-for example, Robo might act by neutralizing an attractant signal-and confirmation of the intended to explain the switch in behavior of axons after they cross the midline, but rather provides a mechanism repellent receptor model will require identification of a corresponding repellent ligand.
to enable axons to get across. The presence of Comm raises many interesting quesZallen et al. propose that SAX-3, too, could act as a receptor. This is based on its expression in appropriate tions. How does Comm regulate Robo? It could be a ligand for Robo, or it could bind a separate Comm recepneurons and its homology with Robo. Also, experiments with a temperature-sensitive sax-3 allele reveal that tor that functions to down-regulate Robo. In this regard, it is very intriguing that the level of the Robo-related SAX-3 function correlates with the times when specific guidance decisions are made by different neurons (Zalmolecule CDO can be modulated by oncogenes or by loss of cell adhesion (Kang et al., 1997 (Kang et al., ). len et al., 1998 . Whether the putative ligand(s) for SAX-3 are attractants, repellents, or both, seems less certain.
An even more basic question is, why have low levels of Robo on contralaterally projecting axons, just to neuHowever, all the known properties of SAX-3 are consistent with the idea that at least one of its functions is to tralize it with Comm? One suggestion is that low levels of Robo on the axons may prevent them from lingering act as a receptor for a midline repellent.
Comm Can Modulate the Robo Gatekeeper
at the midline (Kidd et al., 1998b) . However, if Comm does neutralize Robo at the midline, one might think it The Drosophila genetic screen that yielded robo identified another gene with powerful effects on midline guidwould still be an attractive place to linger. As an alternative to the idea that contralateral growth cones simply ance, called commissureless (comm; Seeger et al., 1993) . Strikingly, the effects of comm and robo appear return to their previous level of Robo expression when Kang, J.S., Gao, M., Feinleib, J.L., Cotter, P.D., Guadagno, S.N., and Comm is removed, we suggest that in the normal embryo Krauss, R.S. (1997). J. Cell Biol. 138, 203-213. as axons cross the midline, a pulse of Comm could Kidd, T., Brose, K., Mitchell, K.J., Fetter, R.D., Tessier-Lavigne, M., trigger down-regulation followed by dramatic and last- Goodman, C.S., and Tear, G. (1998a) . Cell 92, [205] [206] [207] [208] [209] [210] [211] [212] [213] [214] [215] ing up-regulation of Robo. While this proposed up-regu- Kidd, T., Russell, C., Goodman, C.S., and Tear, G. (1998b gatekeeper function on a firm molecular basis. While other guidance systems may have similar actions, the dramatic robo and sax-3 phenotypes show that no other system can fully take their place, and that these molecules play a key role in operating the midline choice point.
It is interesting to consider the species differences. C. elegans has an asymmetric ventral nerve cord, implying that the bilateral symmetry problem is solved in part with asymmetric markers (which could be factors within the neurons or cues outside them). SAX-3 is required to maintain the asymmetry and may have an ancient role in dividing the nervous system. In Drosophila and vertebrates, there is a symmetric nervous system with commissures. Here, Robo seems to retain its dividing function. Comm, as Kidd et al. point out, has no homolog in the largely complete C. elegans genome sequence and may have appeared more recently in evolution. If the function of Comm is to allow axons to cross, or if it acts as a switch, it may have been instrumental in allowing the evolution of a more sophisticated symmetric nervous system with a more efficient flow of information between the two body halves.
These studies suggest exciting directions for future research. In vertebrates, does Robo function in midline guidance, and are there homologs of Comm? What is the function of Drosophila Robo2-as Zallen et al. suggest, could it be a positive receptor that has taken on some of the positive functions of nematode SAX-3? How does Comm locally regulate Robo? A key direction will be to identify the presumptive ligands for the Robo family, and the receptor(s) for Comm; genetic and molecular affinity approaches are available that should make this possible.
Some of the mysteries remain. It will be interesting to see if these new molecules can explain why axons, having been attracted to the midline, don't stop, or turn around, when they get there. Also, the molecular signaling mechanism for the left-right switch, which must affect responsiveness to multiple cues, is still unknown. Want the answers? Go Ask Alice!
